All relevant data are available on Dyrad at DOI: [10.5061/dryad.7c702sb](https://doi.org/10.5061/dryad.7c702sb).

Introduction {#sec001}
============

Gingivitis and periodontitis belong to a spectrum of inflammatory periodontal diseases caused by bacterial accumulation that damage the tooth-supporting tissues. Irreversible high-level inflammatory periodontitis, if left untreated, leads to tooth loss \[[@pone.0212796.ref001]\]. The prevalence of moderate to severe periodontitis in Western populations is approximately 50%, while the prevalence of gingivitis is as high as 62--94% \[[@pone.0212796.ref002], [@pone.0212796.ref003]\]. In addition to local inflammatory processes periodontitis and gingivitis increase susceptibility to many systemic diseases including cardiovascular and respiratory diseases, immune deficiencies and type 2 diabetes mellitus \[[@pone.0212796.ref004]\].

It has been well established that dietary sugar and fermentable carbohydrates lead to the initiation and progression of dental decay \[[@pone.0212796.ref005]\]. In a series of studies, beneficial effects of dairy products \[[@pone.0212796.ref006]\], probiotics \[[@pone.0212796.ref007], [@pone.0212796.ref008]\] or poly-unsaturated fatty acids \[[@pone.0212796.ref009]\] on periodontal disease have been demonstrated. In terms of macronutrients (protein, carbohydrates and fat) some studies have shown that a carbohydrate-rich diet increases the risk of inflammation \[[@pone.0212796.ref010], [@pone.0212796.ref011]\], while a 'Paleolithic' diet, which is high in protein, decreases gingival bleeding \[[@pone.0212796.ref012]\]. Findings from a series of animal experiments in the 1970s led investigators to report that a carbohydrate-free diet "prevents the initiation of periodontal lesions in the soft tissues" \[[@pone.0212796.ref013]\]. However, restriction of dietary carbohydrates in humans is impractical and may be undesirable because of the potential beneficial effects dietary carbohydrates, particularly those with a low glycemic index, on late life cardiometabolic health \[[@pone.0212796.ref014]\].

The Geometric Framework for Nutrition (GFN) provides a means to explore whether and how carbohydrates and other nutrients interact in their impacts on oral health. The GFN is a state-space approach that has been successfully applied to assess the integrated effects of nutrition in humans and a range of other organisms \[[@pone.0212796.ref015], [@pone.0212796.ref016]\]. Here we aimed to disentangle the effects of macronutrient intake and type of carbohydrate in the diet on alveolar bone height measured as the distance between the cemento-enamel junction (CEJ) and alveolar bone crest (ABC) using the rodent model of naturally occurring periodontitis developed by Liang et al \[[@pone.0212796.ref017]\] which contrasts to the majority of other rodent studies that induce periodontitis by the artificial application of human pathogens to the oral cavity. This is the first application of the GFN to oral health.

Methods {#sec002}
=======

Mice {#sec003}
----

Male C57BL/6 mice (n = 300; 8 weeks old) were housed in groups of four animals/cage and maintained on 12hr day/light cycle. The mice were fed ad libitum one of 15 isocaloric low-protein-high carbohydrate diets composed of differing percentages of protein (5, 10 and 15% of total net metabolisable energy) and carbohydrate (75, 70 and 65%) while fat was maintained at 20% in all diets. These diets were formulated based on the ingredients in the AIN93G standard rodent diet \[[@pone.0212796.ref018]\] and were manufactured by Specialty Feeds (Glen Forrest, Australia). The AIN93G standard diet provides about 19% energy from protein, so all the diets were low in protein content compared to the standard chow. The aim of our study was to investigate how these low protein-high carbohydrate diets affect dental health, if their effects are dependent on the type of dietary carbohydrate, and how increasing protein content (within the low protein bracket) modulates carbohydrate effects. To investigate the effects of carbohydrate type on oral health, diets were further distinguished by systematically changing the sucrose-starch ratios (20/80, 35/65, 50/50, 65/35, 80/20) in their carbohydrate component ([Table 1](#pone.0212796.t001){ref-type="table"}). We used starch \[[@pone.0212796.ref019]\] and sucrose as they are the two major types of carbohydrate in human diet. The starch used in these diets was sourced from wheat. This feeding array allows examination of the impact of each individual food component (protein, sucrose and starch) and their interactions using the GFN methodology. We also maintained 40 mice on two diets (n = 20 per diet) containing 10% protein where native wheat starch was replaced by a high fibre 'resistant starch' (Crisp Film^™^ starch, Ingredion, Westchester, IL), which is relatively resistant to digestion by amylase while keeping the diets isocaloric. Mice were maintained on experimental diets for 18--19 weeks and were euthanised with 75mg/kg intra-peritoneal pentobarbital for tissue collection. All animal procedures involved in this study were approved by the University of Sydney animal ethics committee (protocol\# 2015/881) and all methods were performed in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.

10.1371/journal.pone.0212796.t001

###### Composition of diets by net metabolizable energy (%)---14.3 kJ/gram.

![](pone.0212796.t001){#pone.0212796.t001g}

  Carbohydrate composition   Protein 5% + Fat 20% + Carbohydrate 75%   Protein 10% + Fat 20% + Carbohydrate 70%   Protein 15% + Fat 20% + Carbohydrate 65%                                                          
  -------------------------- ----------------------------------------- ------------------------------------------ ------------------------------------------ ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ----
  ***Sucrose %***            20                                        35                                         50                                         65   80   20   35   50   65   80   20   35   50   65   80
  **+**                      \+                                        \+                                         \+                                         \+   \+   \+   \+   \+   \+   \+   \+   \+   \+   \+   \+
  ***Starch %***             80                                        65                                         50                                         35   20   80   65   50   35   20   80   65   50   35   20
  ***Sucrose %***                                                                                                                                                           35             80                       
  **+**                      X                                         X                                          X                                          X    X    X    \+   X    X    \+   X    X    X    X    X
  ***Resistant Starch %***                                                                                                                                                  65             20                       

Measurement of food intake {#sec004}
--------------------------

Food intake was measured as described previously \[[@pone.0212796.ref020]\]. Briefly, a weighed amount of food was added to the hoppers of mouse cages at the start of each week, and the food left in the hoppers after 7 days was measured. In addition, all the particles of food that fell from the hoppers into the bedding were carefully collected and weighed. This food intake measurement was done for at least five consecutive weeks, and from the difference in food weight at the start and end of the week, the average food intake per mouse per cage was calculated.

Measurement of the alveolar bone height represented as the distance between CEJ and ABC {#sec005}
---------------------------------------------------------------------------------------

We manually dissected the maxilla of mice and, to remove the remaining tissue, a solution of 1% NaOH was added and boiled for 4 min at 100°C, after which the solution was disposed. Jaws were stained to highlight the cementum-enamel junction with a solution of 0.04% methylene blue for 1 min. Samples were dried at 65°C for 12h, before taking standardised photographs. As a measure of alveolar bone height, we measured the distance between the CEJ and ABC, where larger measures of distance correspond to a lower bone height and consequently poorer oral health. The distance between the CEJ and ABC was measured in millimetres at 3 positions of the buccal region of the second molar on both sides of the maxilla ([Fig 1](#pone.0212796.g001){ref-type="fig"}). All measurements were performed using ImageJ.

![The distance between the CEA and the ABC as a measure of bone height.\
The distance between the cemento-enamel junction and the most coronal part of the surrounding bone was measured at three sites of the middle molar tooth.](pone.0212796.g001){#pone.0212796.g001}

IL-1ß measurement in gingival tissues {#sec006}
-------------------------------------

Gingival tissues were isolated from mice jaws and homogenised (Tissue homogenizer, Qiagen, Hilden, Germany) for 1 min while immersing in RIPA buffer. The solution was sonicated for 1 min and centrifuged for 10 min at 16000g and 4°C. The protein concentration in the supernatant was determined in BCA solution (B9843, Sigma-Aldrich, MO) using a microplate reader at a wavelength of 532 nm (Infinite M1000 pro, Tecan, Männedorf, Switzerland). IL-1ß concentration was determined by ELISA (AVIVA Systems Biology, CA) according to the manufacturer's instructions. The results were normalized for the protein content of each sample and are expressed as mean ± SD for three experiments.

Statistical analyses {#sec007}
--------------------

Data were analysed, and surfaces depicting the effects of macronutrient intakes on CEJ-ABC distance generated, using two generalised additive mixed models (GAMMs) of the Gaussian (identity-link function). GAMMs were more appropriate than linear models as previous studies applying the GFN have shown that macronutrient intakes can be associated with complex non-linear effects of nutrient intake on health in mice \[[@pone.0212796.ref020]\]. In all models, the response variable was CEJ-ABC distance (a negative correlate of bone height) of a tooth, and the identity of the animal from which the measurement was fitted as a random effect (to correct for non-independence among measurements taken from teeth from the same animal) \[[@pone.0212796.ref021]\]. To test for the effect of carbohydrate and protein intake on alveolar bone height, we included daily intakes (KJ/mouse/day) of protein and total carbohydrates, and their interaction, as fixed predictors, fitted with thin-plate smoothing. To test for the effect of starch and sucrose intake, we fitted a similar model but decomposed total carbohydrates to starch and sucrose intakes, which were fitted along with and protein intake, and their two-way interactions, as fixed predictors. The effects of resistant starch were explored using linear mixed-models (LMMs), fitting the amount of bone height in the two diets with resistant starch and that in the diets with equivalent composition and non-resistant starch as a response. The predictors were the identity of the animals as a random effect, and two categorical predictors as fixed effects denoting the starch content of the diet and whether the starch was resistant fitted with interaction. GAMMs were implemented using the 'gamm' function in the package *mgcv* \[[@pone.0212796.ref022]--[@pone.0212796.ref024]\] in the statistical programming environment *R* (version 3.4.0) \[[@pone.0212796.ref025]\], and LMMs with the 'lmer' function in the package *lme4* \[[@pone.0212796.ref026]\]. *p* values \< 0.05 were considered statistically significant. Finally, to test for an association between the carbohydrate content of the diet and *IL-1ß* measurements for each mouse using a Pearson's correlation coefficient.

Results {#sec008}
=======

High carbohydrate intake induces a reduction in bone height {#sec009}
-----------------------------------------------------------

There were substantial differences among diets in mean CEJ-ABC distance ([Table 2](#pone.0212796.t002){ref-type="table"}; ANOVA for effect of diet, d.f. 16, 1407, F = 2.827, p \< 0.001). Increasing intake of total carbohydrates is associated with a linear increase in the CEJ-ABC distance in mice ([Table 3](#pone.0212796.t003){ref-type="table"}, [Fig 2A](#pone.0212796.g002){ref-type="fig"}). On the other hand, protein intake had no effect on CEJ-ABC distance ([Table 3](#pone.0212796.t003){ref-type="table"}, [Fig 2A](#pone.0212796.g002){ref-type="fig"}). There was no evidence for an interaction between the effects of intake of protein and carbohydrates on CEJ-ABC distance, and consequently bone height ([Table 3](#pone.0212796.t003){ref-type="table"}, [Fig 2A](#pone.0212796.g002){ref-type="fig"}).

10.1371/journal.pone.0212796.t002

###### Means and SD (mm) for bone loss measured for different diets and sucrose/starch content included in the study.

![](pone.0212796.t002){#pone.0212796.t002g}

  Diet           n     mean    SD      P/C/F (%)   Sucrose/starch (%)
  -------------- ----- ------- ------- ----------- --------------------
  **G-1/S-1**    62    0.156   0.05    5/75/20     20/80
  **G-1/S-2**    105   0.14    0.055   5/75/20     35/65
  **G-1/S-3**    88    0.153   0.049   5/75/20     50/50
  **G-1/S-4**    105   0.132   0.045   5/75/20     65/35
  **G-1/S-5**    47    0.128   0.046   5/75/20     80/20
  **G-2/S-1**    117   0.136   0.047   10/70/20    20/80
  **G-2/S-2**    106   0.145   0.062   10/70/20    35/65
  **G-2/S-2R**   93    0.172   0.07    10/70/20    35/65
  **G-2/S-3**    84    0.144   0.051   10/70/20    50/50
  **G-2/S-4**    107   0.131   0.05    10/70/20    65/35
  **G-2/S-5**    93    0.125   0.047   10/70/20    80/20
  **G-2/S-5R**   96    0.152   0.051   10/70/20    80/20
  **G-3/S-1**    12    0.121   0.03    15/65/20    20/80
  **G-3/S-2**    103   0.132   0.053   15/65/20    35/65
  **G-3/S-3**    93    0.123   0.043   15/65/20    50/50
  **G-3/S-4**    107   0.143   0.052   15/65/20    65/35
  **G-3/S-5**    6     0.078   0.031   15/65/20    80/20

10.1371/journal.pone.0212796.t003

###### Coefficients (Coef.) of smoothed terms from generalised additive mixed models (GAMM) of CEJ-ABC distance (negative associated with alveolar bone height) as a function of protein (P), carbohydrate (C), sucrose (Su) and starch (St) intake.

d.f. = degrees of freedom. In both models, the estimated residual and among-mouse standard deviation was 0.04. **Bold**---p \< 0.05.

![](pone.0212796.t003){#pone.0212796.t003g}

  Model                            Coef.           Error d.f.   Reference d.f.   F-value       *p-value*
  -------------------------------- --------------- ------------ ---------------- ------------- -----------
  1: Protein and Carbohydrate      P               1.00         1                1.12          0.29
  C                                1.00            1            10.13            **\< 0.01**   
  P:C                              3.29 × 10^−9^   27           0.00             0.50          
  2: Protein, Sucrose and Starch   P               1.00         1.00             1.07          0.30
  Su                               1.22            1.22         4.01             **0.03**      
  St                               1.00            1.00         9.53             **\< 0.01**   
  P:Su                             1.28 × 10^−6^   27.00        0.00             0.26          
  P:St                             2.97 × 10^−8^   27.00        0.00             1.00          
  Su:St                            5.63 × 10^−6^   4.00         0.00             0.85          

![Sucrose and starch intake increase the distance between CEJ and ABC, corresponding to reduced bone height in mice.\
Surfaces showing predicted effect of macronutrient intake on CEJ-ABC distance as given by generalized additive mixed models (GAMMs) with thin-plate splines. The results of two GAMMs are shown; one fitting only protein and carbohydrate (A), and another fitting protein, sucrose and starch (B through D). In (B through D), predicted effects assumes intake of the third macronutrient (i.e. that not displayed on the x and y axes) is held constant at the experimentally observed median. In all surfaces, red indicates the highest value, while blue indicates the lowest value.](pone.0212796.g002){#pone.0212796.g002}

Together, these results corroborate the established premise that dietary carbohydrate is a driver of periodontitis, and demonstrates its effect is independent of the other macronutrients, specifically dietary protein.

When the source of carbohydrates was analysed, we found that increasing the intake of either sucrose or starch led to significant increase in the distance between CEJ and ABC ([Table 1](#pone.0212796.t001){ref-type="table"}, [Fig 2B, 2C and 2D](#pone.0212796.g002){ref-type="fig"}). The magnitude of the effect of these two carbohydrate sources were statistically indistinguishable ([Fig 2D](#pone.0212796.g002){ref-type="fig"}). Putting the results of these analyses in biological context, doubling the daily intake of either sucrose and/or starch was associated with a 17% increase in the CEJ---ABC distance at 18--19 months of age in mice.

Resistant starch does not protect against a reduced alveolar bone height in mice {#sec010}
--------------------------------------------------------------------------------

We assessed whether resistant starch had any effect on oral health and diet-induced increase of the distance between CEJ and ABC. LMMs estimated that the distance between CEJ and ABC was slightly larger in groups of animals fed resistant starch diets relative to equivalent diets with non-resistant starch, although these differences were not statistically significant ([Table 4](#pone.0212796.t004){ref-type="table"}). The results indicate that resistant starch does not protect mice against a reduction of alveolar bone height.

10.1371/journal.pone.0212796.t004

###### Coefficients (Coef.) from linear mixed models (LMMs) of the estimated (Est.) effects of starch content (20% vs 65%) and starch type (non-resistant or resistant) on distance between CEJ and ABC in mice, and associated standard errors (SE).

d.f. = degrees of freedom. The estimated among-mouse and residual standard deviation was 0.046 and 0.014, respectively. **Bold**---p \< 0.05.
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  Coef.                    Est.    SE      d.f.    t-value   *p-value*
  ------------------------ ------- ------- ------- --------- -------------
  ***Intercept***          0.126   0.012   62.76   10.62     **\<0.001**
  ***% Starch***           0.019   0.017   63.80   1.153     0.253
  ***Type***               0.025   0.017   63.81   1.499     0.139
  ***% Starch*: *Type***   0.002   0.024   64.08   0.076     0.940

Interleukin-1 concentrations in gingival tissues {#sec011}
------------------------------------------------

The mean concentration of IL-1ß in gingival tissues was 1.046 ± 0.565 ng/mg total protein (min 0.295 ng/mg; max 2.952 ng/mg). There was an association between dietary carbohydrate content and IL-1ß, although the effect was not statistically significant (*p* = 0.08).

Discussion {#sec012}
==========

Our study confirms that dietary carbohydrate intake has a negative impact on periodontal health in a mouse model of naturally occurring periodontitis. In addition, we have shown the effect of carbohydrates is independent of dietary protein or the type of carbohydrate---sucrose, wheat starch and resistant starch all have the same negative effects on alveolar bone height, measured as the distance between the CEJ and ABC in this study. The quantity of carbohydrate eaten---rather than the type of carbohydrate (among those tested)---influences oral health in mice. This observation is in agreement with studies that demonstrated that starch has the potential to be cariogenic, mediated by elongated retention times in the oral cavity compared to sucrose \[[@pone.0212796.ref027]\]. We varied the protein-to-carbohydrate ratio in the diet because our recent studies have shown that the interaction between carbohydrate and protein in the diet influences multiple aspects of physiology and health \[[@pone.0212796.ref020]\]. While the cariogenic potential of carbohydrates is solely related to its local effects on the tooth surfaces, it is possible that dietary components modulate periodontal disease by shaping the systemic immune response. This hypothesis has been supported by animal experiments which demonstrated that the administration of probiotics positively affects periodontal health in mice, irrespectively of the administration by lavage or gavage \[[@pone.0212796.ref008]\]. The systemic modulation of the periodontal immune response is in accordance with the concept that periodontitis arises from an inappropriate inflammatory reaction to the normal microbiota \[[@pone.0212796.ref028]\].

Recent studies have shown that addition of resistant starch to diet improves the metabolic profile of mice and provides protection from certain chronic inflammatory disorders including inflammatory colitis. This is mediated by beneficial changes in gut microbiome and increased circulating concentration of short chain fatty acids \[[@pone.0212796.ref029]\]. However, dietary intake of resistant starch did not protect mice from a reduction of alveolar bone height in this rodent model.

A major risk factor for periodontitis is ageing \[[@pone.0212796.ref030]\]. It is therefore important to disentangle the indirect effects of diet in our study on periodontitis via its effect on ageing from the direct effects of diet on the oral cavity and teeth. We reported that ad libitum-fed diets that are low in protein and higher in carbohydrate are associated with a slower rate of ageing and longer lifespan \[[@pone.0212796.ref020]\]. Alveolar bone height observed in our study was lowest on those diets that optimized age-related health and lifespan. This suggests that the effects of dietary carbohydrates on oral health are mediated by their direct effect on the oral cavity, rather than indirectly via their effects on systemic health.

Induction of experimental periodontitis in mice is typically achieved by oral lavage with human periodontal pathogens and measurable changes in the distance between CEJ and ABC, and respectively bone height requires several weeks following oral infection \[[@pone.0212796.ref008], [@pone.0212796.ref031]\]. However, mice do develop naturally occurring periodontitis as they age that is induced by their own oral flora \[[@pone.0212796.ref017]\]. We evaluated periodontitis by measuring alveolar bone height---calculated as the average distance between the cementum-enamel junction and alveolar bone crest. A reduced height of alveolar bone is the main correlate of periodontitis in humans and is measured in the same way in mice in our study. The reason that sham infected mice do not develop obvious signs of periodontitis is likely due to their young age (usually used when 8-12-week-old), consistent with the fact that periodontitis is associated with advanced age \[[@pone.0212796.ref032]\]. When the immune status is genetically altered, young mice develop periodontitis even when they are not inoculated with human pathogens \[[@pone.0212796.ref033]\]. In both cases, induction of inflammation and periodontal bone loss is prevented by antibiotics, thus further confirming indigenous bacterial involvement in the disease. Liang et al. \[[@pone.0212796.ref017]\] also provided evidence for the inflammatory nature of natural occurring periodontitis in mice and that attrition to dentition is not a factor involved in a reduction of bone height measurements in this model.

The levels of IL-1ß suggest that the mice in our study were not free from periodontitis. Trombone et al. reported a IL-1ß concentration of 0.08 ng/mg 45 days after infection with *A*. *actinomycetemcomitans*, while no IL-1ß was detected in control animals \[[@pone.0212796.ref033]\]. Napimoga et al. reported values of 0.013 ng/mg IL-1ß in infected gingival tissues and 0.06 ng/mg IL-1ß in sham infected animals \[[@pone.0212796.ref034]\] and Lima et al. reported 0.05 ng/mg total protein IL-1ß in the gingival tissues 60 days after infection with *A*. *actinomycetemcomitans* \[[@pone.0212796.ref035]\]. The high concentrations of 1.046 ± 0.565 ng/mg total protein measured in our study are indicative of the presence of active periodontitis in older mice maintained on diets for their lifetime.

Conclusion {#sec013}
==========

In summary, this is the first study to explore macronutrient composition and types of carbohydrate on the development of natural occurring periodontitis in older animals. There was a positive correlation between a reduced bone height and the intake of dietary carbohydrate, whether in the form of sucrose, wheat starch, or resistant starch.
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